Cell migration is essential for many physiological and pathological processes that include embryonic development, the immune response, wound healing, angiogenesis and cancer metastasis. It is also important for emerging tissue engineering applications such as tissue reconstitution and the colonization of biomedical implants. By summarizing results from recent experimental and theoretical studies, this review outlines the role played by growth factors or substrate-adhesion molecules in modulating cell motility and shows that cell motility can be an important factor in determining the rates of tissue formation. The application of cell motility assays and the use of theoretical models for analyzing cell migration and proliferation are also discussed.
INTRODUCTION MIGRATION AND PROLIFERATION OF ANCHORAGE-DEPENDENT CELLS
The proliferation of anchorage-dependent mammalian cells is important for many tissue during this process a cell becomes surrounded by other cells, it will stop growing. As a result of these contact-inhibition phenomena, only a fraction of the viable cells of a large population will continue to grow and divide after the initial stages of this process. This fraction decreases with increasing cell density and depends strongly on cell motility and on the initial conditions of the culture (seeding density, spatial distribution of inoculum 24, 25 .
Substantial motility of endothelial cells has been observed under conditions (such as wound healing) that expose the cells to growth factors. Sato and Rifkin 26 found that when a confluent monolayer of bovine aortic endothelial cells (BAEC) was wounded with a razor blade, the cells started to rapidly move from the edge of the wound into the denuded area. This migration was regulated by basic fibroblast growth factor (bFGF) released by the cells themselves. These results indicated that bFGF was responsible for the enhanced motility and the increased proliferation rates of the endothelial cells.
Similar enhancements of proliferation rates induced by increases in cell motility were observed and carefully characterized for another system. Barrandon and Green 27, 28 studied the growth of isolated megacolonies of coherent epidermal keratinocytes and found that both epidermal growth factor (EGF) and transforming growth factor-α (TGF-α) significantly increased the cell proliferation rates. Using [ 14 C]-thymidine pulse experiments, these investigators found that the growth of the megacolony depended on the outward migration of rapidly proliferating cells located in a thin rim close to the perimeter of the megacolony. They concluded that the effect of EGF and TGF-α in promoting cell growth depended on their ability to increase the rate of cell migration.
Therefore, the proliferation rates of anchorage-dependent, contact-inhibited cells are strongly affected by two competing processes: contact inhibition and cell migration. The opposing effects of these processes complicate the analysis of data obtained from large populations of cultured cells. Thus, the success of experimental studies aimed at assessing the effect of chemical stimuli (e.g. growth factors) on regulating the proliferation rates of cultured cells will depend on our ability to differentiate between the effects of (a) external factors (e.g. contact inhibition, density ZYGOURAKIS and spatial distribution of cells, surface geometry) and (b) changes in intracellular functions (e.g. mitogenic effects, up-or down-regulation of cell motility). The development of theoretical models that accurately describe the dynamics of populations of migrating cells during all stages of contactinhibited proliferation can greatly facilitate the systematic analysis and evaluation of experimental data.
Some recent studies proposed models describing growth of populations of non-motile cells.
Frame and Hu 29 developed a deterministic model in which the specific growth rate was expressed in terms of the cell density, even though in cultures of anchorage-dependent cells exhibiting contact inhibition only the cells at the perimeter of clusters can undergo division. Another model 30
accounted for the importance of contact inhibition effects on the growth of non-motile cells.
Although this latter model assumed that the cell growth rate is proportional to the number of cells in the perimeter of a colony, it did not consider the merging of colonies. Furthermore, the assumption of circular cell colonies limited its applicability. The most recent mathematical models have been successful in predicting the growth of twodimensional tissues formed by migrating cells using some key measurements of cell locomotory parameters that were obtained with independent experiments. Much work remains to be done, however, to extend this approach to other systems of practical importance that involve threedimensional tissues consisting of several cell populations that may exhibit distinctly different behavior. The success of this approach will depend on (a) our ability to achieve a quantitative understanding of the fundamental biological mechanisms that regulate cell migration, differentiation and proliferation, and (b) the development of assays that will provide accurate measurements of key system parameters. Sato and Rifkin found that when a confluent monolayer of BAECs was wounded with a razor blade, the cells started to rapidly move from the edge of the wound into the denuded area 26 .
PROTEIN FACTORS REGULATING CELL MOTILITY
Endothelial cell migration was regulated by bFGF that was released by the cells themselves.
Addition of anti-bFGF IgG slowed down considerably the cell movement. The antibody-induced inhibition of cell movement was dose-dependent. These results explained the findings of earlier studies 44 that described an inhibitory effect of TGFβ on the movement and mitosis of BAECs in wounded monolayers. After 24 hr, however, the initial TGFβ-induced inhibition was neutralized by the stimulatory effect of bFGF released by the endothelial cells 44 . 
Extracellular Matrix Proteins and Cell Motility
The process of cell migration can be divided into four phases: (1) initiation or activation of movement, (2) cell translocation on a substrate, (3) regulation of speed and directionality and (4) cessation of migration and establishment of stable cell-substrate or cell-cell adhesions. Each of these phases involves the interaction of surface receptors with extracellular matrix molecules.
The sudden introduction of a migratory substrate protein into the environment of a cell may 
MOTILITY ASSAYS

Quantifying Random Cell Motility
Eukariotic cell migration in isotropic environments can be described as a persistent random walk 76, 77 . 
where D 2 is the mean square displacement of the cell, µ is the random motility coefficient (formally equivalent to a diffusion coefficient) and n is a constant giving the dimensionality of the random walk. For two-dimensional walks n=2, while for three-dimensional walks n=3 76, 78, 79 .
According to equation (1), the average distance traveled by a cell is proportional to the square root of the elapsed time. Although they cover short distances rapidly, cells executing random walks travel long distances much more slowly. In order for a cell to wander 10 times farther, it takes 100 times as long. 
where again D 2 is the mean square displacement of the cell, S is the root-mean-square cell speed and P is the persistence time. Again the constant n depends on the dimensionality of the persistent random walk (n=2 for two-dimensional walks and n=3 for three-dimensional walks). Note that for long times (t >> P), the above formula reduces to the much simpler expression:
which implies random walk behavior where the mean square displacement is proportional to the time interval with the random motility coefficient µ being the constant of proportionality.
The persistent random walk analysis is only applicable when cell movement takes place in an isotropic environment 81 . A different approach must be used to analyze biased cell movement (e.g. in the presence of a chemoattractant) or to check whether cell locomotion has a preferred direction. One such approach is based on the stochastic concept of Markov chains 81-83 .
If the position of the centroid of a migrating cell is located at fixed time intervals, one can ZYGOURAKIS reconstruct an "approximate" cell trajectory consisting of many connected straight-line segments (see Figure 3) . At any time t, the "state" of the cell is defined to be its direction of movement at that instant. Clearly, there is a change of state every time the migrating cell changes direction. The central assumption here is that direction changes are random and do not depend either on the past history of the cell or on the length of time the cell spent in its current state. Under these assumptions, the sequence of states (or direction of movement) is a stochastic Markov sequence.
The steps of this tracking analysis may be found, for example, in the monograph of Noble and Levine 82 . We usually allow only a finite number of cell states or directions by partitioning the set of all possible directions of movement for a two-dimensional walk into, for example, four subintervals. Since cells may not always be motile, an additional stationary state is defined 82 . A cell is in the stationary state if it does not move significantly between two successive observations. Then the reconstructed cell trajectories can be modeled as Markov chains 81, 84-86 .
Using the well-known Markov chain theory 87 , the following cell locomotory parameters can be extracted from the cell trajectory data:
1. Transition-state probabilities: These probabilities quantify the frequency with which the cells (individually or collectively) move from one state to another and, thus, characterize the turning behavior of the cells.
Waiting times:
These are the average times that cells spend in a certain state (i.e. moving in a certain direction).
Steady-state probabilities:
These values provide predictions as to the ultimate direction that the cells will move and, thus, give a measure of the directionality of cell movement (chemotaxis).
If N cell observations were made at fixed time intervals ∆t, the average speed of locomotion can be computed from the reconstructed cell trajectories using the formula:
where d i is the displacement of the centroid of the cell between two successive observations i-1 and i.
The Markov chain model can be used to analyze chemotaxis experiments. If there is a preferred direction for cell movement, its steady-state probability will be significantly higher than the steady state probabilities of the other directions. The Markov chain approach can also provide a CELL MIGRATION more detailed description of cell migration since it accounts for stops in cell movement and uses more than one descriptors (e.g. transition state probabilities and average waiting times) to define persistence 83 .
Cell-Population Assays
The methods used to assess the locomotory capabilities and characteristics of cells fall into two major categories. The first category includes techniques that monitor large populations The results reviewed here indicate that accurate motility assays and theoretical models can help us in this effort. Mathematical analysis can aid in understanding dynamic cell motility mechanisms, in designing appropriate experiments or in answering questions that are difficult to address experimentally. Computer simulations can also be used to predict the growth of twodimensional tissues using cell locomotory parameters that can be directly measured with independent experiments. The extension of this combined experimental and theoretical approach to the study of three-dimensional tissues is a very challenging problem. However, theoretical models capable of predicting the evolution of tissue structure in 3 dimensions will be invaluable design tools for tissue engineers and will greatly speed up our progress in this area.
Individual-Cell Assays
